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1. INTRODUCTION

This program has supported theoretical and experimental studies in

several areas of research on XUV physics and laser technology. ,°.6,

The highlight of our work during the previous year has been the -

definition and experimental confirmation of a new class of levels which we

term as quasi-metastable. These levels allow significant simplification in

our store and transfer methods and, of more importance, will, in certain

cases, allow lasing in the extreme ultraviolet without the need for a

° transfer laser. Our work on these levels is summarized in Appendices A

and B of this report.

Section 2 of this report summarizes the status of our other projects,

* Section 3 lists the publications which have resulted under this contract,

and Section 4 lists personnel who are presently supported by this contract.
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2. SUMMARY OF RESEARCH

* A Harmonic Generation for Probing the Cs 1091 A Laser Transition

(K. D. Pedrotti and D. P. Dimiduk)

Computations of gain on the Cs(5p5d6s)Pl, - (5p66s) 2Ds/ 2 transition

have relied on measurements relating fluorescence intensity of the

- transition to the intensities of known Cs II (ion) lines. Measurements are

. made of the upper-state populations of the ion transitions by laser curve- ..-7..

of-growth techniques, as discussed in Section C. From these two

measurements (and after accounting for radiation trapping effects), the

- population in the quasi-metastable (5p 5Sd6s)'P ,/ 2 state can be inferred.

The accuracy of this calculation of the upper-state population in the

-' 1091 A laser depends on the Einstein A coefficients (radiative rates) of the

. two transitions. While experimental data is available on the transition

strength in the ion, no such data is available on the 1091 A transition. A

- project has been started to measure this transition strength by making high-

" resolution VUV absorption measurements at 1091 A using laser techniques.

To make such an absorption measurement at 1091 A it is desirable to

have a tunable source of narrowband radiation at this wavelength. A

technique which has been shown to be useful for generating radiation at

these wavelengths is four-wave, sum-frequency mixing (4WSM). This nonlinear

optical effect in gases produces radiation at the sum of the frequencies of

three input waves. In the work referenced, a pulsed dye laser is pumped by .

a frequency-doubled 532 nm Q-switched dye laser. The output of the pulsed

dye laser is frequency-doubled in a KDP crystal, creating radiation at a

frequency wUV 2DyE . The two colinear beams coming out of the doubling

". - 2-
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10 .

crystal (wUV and wDyE) are then focused together in a gas cell to make

(UVUV - 24UV + whDyE

The work of Hilbig and Wallenstein showed tunable radiation could be

generated via the 4WSM process in Kr between 1164 - 1100 A. Wallenstein, in

a private communication, indicated his calculations showed Kr to be

negatively dispersive out to 1090.5 A, and that his earlier experimental

work was limited to 1100 A by a MgF2 window. We have duplicated

Wallenstein's result In Kr and extended the tuning range to 1094.5 A. At

shorter wavelengths we find no evidence of sum-frequency generation. We

find this roll-off in generation to be consistent with Kr becoming positively

dispersive at 1094.5 A, implying that the 4WSM process is not possible at

shorter wavelengths in Kr. To check this hypothesis, small amounts of Ar

(known to be positively dispersive at this wavelength) were mixed with the

Kr, and the short wavelength edge of the sum-frequency generation process

was noted to shift monotonically towards longer wavelengths, as expected.

After reviewing the literature and further calculations, Zn vapor was

felt to be the next most suitable media for 4WSM at 1091 A. A Zn heat pipe

(cell) has been constructed and inserted into the previous experimental

setup in place of the Kr cell. Generation of radiation tunable about 1091 "

has been observed. Unlike the earlier work of Stoicheff, et al. (using

resonant mixing), these experiments were performed using non-resonant 4WSM.

Generation efficiencies observed to date appear barely adequate for the

absorption measurements in Cs. Further improvements may be possible by

adding a suitable buffer gas to phasematch the Zn, which is probably

* . excessively negatively dispersive at this wavelength. Using the same .

".' apparatus, it is possible to generate 1084 A radiation with 4000 times more "
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6 efficiency because this generated wavelength corresponds to tuning the

doubled-dye wavelength to the lOs two-photon resonance in Zn. This

indicates large quantities of 1091 A radiation could be generated by adding a

second dye laser to the present experiment. In such an experiment, the

first dye laser would be doubled and then tuned to the 10s two-photon

resonance. The second dye laser would then be tuned such that the

resultant three-photon sum frequency would correspond to 1091 A. Although

F::: not being currently pursued due to the additional experimental complexity,

this method could be important if it is necessary to generate an intense

probe for single-pass gain measurements on the Cs laser transition.

'...
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B. Development of a Fast Transverse Alkali Atom Discharge

(D. A. King)

The number density of Na atoms in metastable and quasi-metastable

levels produced by electron excitation in a pulsed hollow-cathode discharge

(HCD) has recently been measured. These populations proved to be too small

to build a Na based XUV laser in the HCD, so a new, relatively cheap and

compact device for generating larger number densities of hot electrons was

required. The device" that seemed most suitable was a pulsed transverse

discharge (PTD). This is the type of discharge commonly employed in N,

metal vapor, and TEA lasers. The advantages of a PTD are that it has a

much lower inductance than a HCD which, when applied with an improved

driving circuit, produces larger peak voltages and currents in a shorter

pulse. This gives rise, theoretically, to an order of magnitude increase in

hot electron density over the hollow cathode. A transverse discharge cell

was constructed with several different electrode configurations. Due to

several experimental problems, however, both the cell and the circuit have

had to be redesigned. After the recent proposal for a VUV laser in Cs, it

was decided that the second PTD cell, now under construction, would be

designed to experimentally demonstrate this laser.

The basic driver circuit is shown in Fig. 1 and worked as follows.

Initially, a high-voltage dc power supply charged the charging capacitor

(70 nF) through a balast resistor (30 ksl) to about 30 kM. When the

capacitor was fully charged the switch was closed, forming an RLC circuit

with a small time constant (- 150 ns) which acted to charge the peaking

capacitors (20 nF). When the voltage across the gap reached a critical

level the gap broke down, discharging the peaking capacitors. Although in

-5--a-'.-'
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experiments this circuit produced a voltage pulse across the gap with a

relatively fast rise time (70 - 100 ns), the gap broke down before the

peaking capacitors were fully charged. The reason was that the voltage rise

time across the capacitors was not fast enough due to the relatively large

inductance of the switch (- 200 nH). To solve this problem we have added an

extra charging capacitor and a low inductance (- 20 nH), self-triggering

railgap switch.

The latest PTD cell consisted of a 90 cm long stainless steel cylinder,

38 cm in diameter, sealed at both ends. This cylinder acted as a vacuum

vessel. It was evacuated and filled with typically less than 10 torr of

buffer gas (usually He). The electrodes were thin stainless steel rods with

an effective length of - 10 cm. The electrodes were placed parallel and

separated by - 2 cm in a cylinder of compressed alumina (6 cm x 70 cm)

which acted as a heat pipe. The cylinder rested on a brass plate which sat

inside the vacuum vessel. Heaters were also placed inside the alumina

cylinder. To minimize inductance the peaking capacitors were placed on the

brass plate and a low-inductance feed geometry was used to connect them to

the electrodes.

One of the main disadvantages of this design was that the optimumN..

pressure of the He buffer gas was low enough that any gap whose electrode

spacing was of the order of centimeters broke down easily. For instance,

arcs formed by tracking across the peaking capacitors instead of across the

main gap.

Following the proposal of a VUV Cs laser it was decided that an

attempt would be made to make this laser in a PTD. With this in mind, the

new cell design incorporates a compact, fused-silica vacuum vessel in the

7 .
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, form of a five-arm heat pipe. Two arms are used as voltage feeds in a low

inductance geometry, another two arms parallel to the electrodes allow a

laser beam to be passed through the discharge zone, and the fifth arm

allows visual observation of the discharge. The problem of arcing is

eliminated by placing the capacitors and heaters outside the vacuum vessel

in air. This cell is now under construction.

If, by using the 1091 A now being developed, we can experimentally

demonstrate reasonable gain (>> e5) at this wavelength then we will

construct the Cs laser. Once we have emission at 1091 A it will be used as

a source for nonlinear optical experiments in the VUV and XUV. The

experimental demonstrations of the Cs laser would also reinforce the

concept of quasi-metastability, which is of fundamental importance in the

-.,proposed XUV Na laser.

-8-A
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C. Studies of the 1091 A Transition In Neutral Cs

(J. K. Spong)

Theoretical and spectroscopic analysis described elsewhere in this

report has identified the (5p55d6s)4P5 /2 - (5p65d) 2Ds/ 2 transition in atomic Cs

as a favorable candidate for the demonstration of VUV laser action at

1091 A. Populations as large as 3 x 1011 atoms/cm3 have been excited to the

upper level of this transition by use of a hollow-cathode discharge. While

no population inversion was present under the conditions of that work, in

this section of the report we discuss preliminary experiments aimed at

producing an inversion on the Ps/2 -
2D5/2 transition, and eventually

observing VUV laser action at 1091 A.

In order to characterize the Cs plasma created by the hollow-cathode

discharge, measurements were made of the populations in the (5ps5d6s) P,/2

and (5p65d)2D/ 2 levels of neutral Cs and the (5p56s)(3/2)[3/2], and (5p'5d)"P,

levels of Cs+ . Populations were measured using the curve-of-growth

technique described elsewhere, and typical discharge conditions resulted in

populations of 3 x 1011 atoms/cm - in Cs(5p55d6s)Pp/ 2 , 1013 atoms/cm3 in

Cs(5p65d)2Ds/2, 1013 atoms/cm
3 in Cs+(5pS6s)(3/2)[3/2] °, and 5 x 1012 atoms/cm3

in the Cs+(5ps5d)3P: level. In addition, the temperature and number density

of the discharge electrons were measured. By measuring the Stark

broadening of strong emission lines an electron density of 1014 electrons/cm7

., was inferred. The average temperature of this electron bath was measured

by assuming electron equilibration of the populations in a Rydberg series, so

that intensity ratios of optically-thin emission lines indicated the ambient

- electron temperature. Plots of emission intensity versus energy of the cK-

-9-
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Rydberg levels were fitted to a Boltzmann curve, and the temperature

implied by the fit was 0.15 eV.

The dominant mechanism for populating the (5p6 5d) 2D5 / 2 lower laser level

is electron excitation from the nearby (5p6p)zP:/2 level. Using the electron

temperature and density, we estimate the rate for this process to be .-

107/atom-sec. Since this is a factor of ten less than the rate at which the f.

population can be removed by optical pumping with available laser power, it

should be possible to achieve an inversion at 1091 A in neutral Cs by first

populating the upper (5p5d6s)'P5/2 level and then emptying the lower level

(p 65d)2D5 /2 by optical pumping to the continuum.

We have implemented this procedure in two ways. The first method used

to dump the lower 2D5 /2 level was photoionization by the second harmonic of

Nd:YAG radiation at 5320 A. Using a tunable dye laser as a probe, the

population of the lower level was observed to decline by a factor of 50

from its original density of 5 x 10" atoms/cm3 with 80 mJ/cm 2 of incident

laser energy.

An alternative technique used was to transfer population from the

lower laser level to a Rydberg level, from which the electron ionization

rate is rapid. From our temperature and density measurements, electron -

ionization rates were estimated to exceed 100 ps for Rydberg levels of the

type nf, n > 8. Since the absorption cross section to such a Rydberg level

exceeds that to the continuum by a factor of at least 100, this process

allows use of a less-intense transfer laser. Using this technique,

(5d)2 D'/ 2 * nf transitions were saturated with incident laser intensities only _

10 - 50% of the photoionizing beam, depending on which Rydberg state was

targeted.

- 10-
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The effectiveness of dumping lasers in emptying lower laser levels has

thus been demonstrated. A systematic study of dumping techniques is planned

with emphasis on enhancement of 1091 A fluorescence and, finally, the

observation of stimulated emission on the line as population inversion is

achieved.

As a precursor to the proposed 1091 ,A VUV laser, several visible laser

schemes have been attempted using the Cs ion levels populated by the

hollow-cathoue discharge. Using the Cs+(5p=6s)(3/2)[3/2] J 2 metastable

level as a storage state with a population of lo' atoms/cm, a transfer

laser was used to move the atoms into various 5ps6p levels, anticipating

laser action down to levels in the 5p$5 d configuration. Although emission

on each of the proposed laser lines was enhanced by a factor of 100, there

was no evidence that the emission was stimulated. Subsequent population

measurements revealed densities of 4.5 - 8.0 x 10 1
2 atoms/cm 3 in each of the

lower levels attempted, so that the necessary single-pass laser gain of el*

could not be achieved. Larger than expected populations in these 5p 55d

levels were explained by Hartree-Fock calculations, which showed strong

mixing of the 5p 55d configuration with the 5p 56s configuration. Calculated

electron rates out of 5d were then dominated by an efficient electron

ionization rate in from the Cs neutral ground state, keeping the 5p55d

levels substantially populated.

Although it does not appear possible to make a Cs+ laser under present

conditions, the experiment has led to a thorough characterization of the

hollow-cathode environment and has disclosed the efficiencies with which

discharge electrons fill and empty levels. These factors will be essential

.. :,"..
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* in our attempts to create a population inversion on the "P5,/, - 2D5,i2 10911

* transition.
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D. XUV Emission Spectra of Core-Excited Levels in Na and Mg

(K. D. Pedrotti and A. J. Mendelsohn)

Emission spectroscopy is a powerful method for locating and identifying
.- °

multiply-excited states with good radiative branching ratios. Such states

are of great interest to us as both potential upper levels and storage

levels for XUV lasers. We are particularly interested in finding quasi-

metastable levels in the column I and II metals.

To accomplish this we have observed the XUV emission spectra of Na I

and Mg II at much higher resolution than has been previously reported.

Quasi-metastable levels have been observed In both species.

The experimental apparatus is shown in Fig. 2. The radiation source

consists of a pulsed hollow-cathode discharge suspended in an all-metal

heat pipe. The Mg spectra were taken at a pressure of 2 torr, a

temperature of 600 0 C, and with an aluminum filter inserted between the

discharge and spectrometer. The Na scans were taken at 5000C, I torr, and

used a Ti-Sb-Ti filter. The discharge was run at a repetition rate of

100 Hz with a peak current of 100 A and a 4 Us duration. A McPherson 247,

2.2 m grazing-incidence monochromator equipped with a 30 9/mm grating was

used to gather the data. The output of our EMI D233 windowless electron

multiplier was fed to photon-counting hardware and then to a Z-80 based

microcomputer system for data collection and analysis. -

The experimental results for Na between 365 and 415 A are shown in

Fig. 3. Table 1 lists the observed Na I features and Table 2 lists the

remaining lines. The radiative and autoionizing rates in Table 1 were

calculated using the RCG/RCN atomic physics code provided to us by

-13-
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Table 4

Other Mg Lines Observed '"::

Lne Eperiment Ocher Exeriment Identifications (r. uis

(nm) (am)

Mg III

L 23.42 23 .426 (a) (2p6)is [(2p 5)23 3s 3po 1250

23.8 2 1 7 (a) (6)1 - ( 5 2 1 0 25

Q 18.84 18.853(a) (2p6)1S0 - [(2p )2P3 2 I 3d P 1.5

R 18.70 18.720, 18.651 ( )) (2p6)is (2p53d)3 and IV 14.5

S 18.32 18 .297 (a) (2p6) S - (2p 5) 2P ] 4s 3p, 28"
/0 3/2 12

T 18.24 18.224 (a) (2p
6
) s 0 - ((2p

5
)2p1 2] 4 3p 2.3

V 17.18 171.89, 171.39, L70.81
(a)  

(2p
6
)
1
S0 -2p

5
4d 7.0

Mg IV

U 18.09 18.079, 18 .06 1(b) (2p )
2
P- (2p3e)

2
P1,2 ,/ 2  11

V 17.18 17.165, 17.23 1(b) (2p
5
)
2
p - (2p43.)2D5/2,3/2 7

Other Lines

A 30.38 30 .378 (c) He II (1s) - (2p)2PO 4

25.63 25 .63 2(c) He 11 (o)S (3p)27 1.5

3 24.31 Impurity 3

N 22.11 Magnesium 2

P 19.27 Magnesium 14

(a)Previous emission spectrum of Mg III.

Previou emission spectrum of Mg IV.
(c)atol Bureau of Standards cables.
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R. D. Cowan. Figure 4 shows the spectrum of Mg between 310 and 170 . The

Mg II XUV decays are listed in Table 3, with other lines shown in Table 4.

The most interesting decays are lines B and E in Mg II and line L in Na.

These all arise from the 2pS(3s3p'P)S S/ quasi-metastable level of each

species. Line C in Na I and lines I and C in Mg II are important since they

originate from doublet levels possessing good branching ratios and large

radiative rates. This makes them attractive as upper levels for store and

transfer XUV lasers.

-21 -
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E. XUV Lasers Using Super Coster-Kronig Decay

(A. J. Mendelsohn)

We have proposed a novel technique for making XUV lasers involving 16

photolonzatlon with laser plasma-produced x-rays and selective super

Coster-Kronig decay into highly-excited states of Zn III.

The basic scheme is shown in Fig. 5. X-rays from a laser plasma

photoionize ground-state Zn atoms maintained in a heat-pipe oven. (The

proposed geometry is similar to that used by Caro and Wang in their Li

photoionization experiments.) The resulting Zn II 3Ps3d 1°4s 2 ions undergo

rapid super Coster-Kronig decay into the 3P03dJ4s 2 configuration of Zn III

where they preferentially populate the (3d 8 4s 2 )G, level. Only - 10% of the

decays from Zn II result in Zn III 3d 9 4s ions; hence, the super Coster-Kronig *

transition leaves the Zn III (3d4s2)'G, level inverted with respect to levels

in the lower Zn III configurations. By using tunable lasers to transfer the

population in the 'G4 level we may obtain inversion and superfluorescent

lasing on the three transitions in Fig. 6.

The gain cross sections shown in Fig. 6 were calculated with the

RCN/RCG atomic physics code. Using these values we calculate that a 1.06 um

pump laser energy of - 10 J should be sufficient to produce e 2  gain on

lasing on each of the transitions of Fig. 6 with an initial Zn ground-state

density of 2 x 10T/cm. This energy is within the range of the laser system

currently being constructed under ONR support.

The Zn scheme has the following advantages compared to other similar

proposals: (1) The super Coster-Kronig transition has a high branching ratio

(60%) into the final (3d*4s 2)1 G4 level, leading to large inversions in the

lasing species; (2) the terminal laser levels lie > 70,000 cm-' above the

- 22-
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ground state of the lasing species and can only be populated by multistep

electron Impact processes; and (3) the initial species is neutral Zn vapor

rather than a multiply-charged ion, as in other proposed Auger schemes.

This allows the use of the simple heat pipe geometry already proven by Caro

and Wang.
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F. High-Resolution XUV Spectroscopy by Anti-Stokes Radiation

(D. P. Dimiduk)

A primary difficulty in using the broadly-tunable, anti-Stokes VUV light

source for spectroscopy is the inherently low contrast of the source. The

nature of the low contrast is that the spectroscopically useful anti-Stokes

radiation is superimposed on spectrally nearby resonance-line radiation.

Previous work used a monochromator as a bandpass filter to block the

undesired background light from the resonance line. Since it is desirable to

use the source to spectrally locate long-lived autoionizing states, and such

states have absorption cross sections which are typically 1000 times as

large as the background continuum cross section, it appears desirable to

detect ejected electrons from the target species. Work on building a

suitable fast electron detector began last year.

A fast, low-noise, parallel-plate electron detector was constructed. A

parallel-plate type detector was chosen over an electron multiplier because

it was felt that, given the observed absorption cross sections of the

interesting states in K, the cell would need to operate at a pressure of

0.2 torr or more in order to absorb all of the available anti-Stokes

photons. This is well above the operating range of an electron multiplier.

The detector's response speed was measured by applying a 5 ns pulse of

2660 A laser light. At operating pressures of 0.5 torr or less, the

detector response time was less than 20 ns. In this pressure regime, the

detector speed is limited by electron velocity. In the alkalis investigated

(Cs and K), electron transport at this pressure is a driven-diffusion

phenomena. The observed detection speed agrees well with the calculated

limiting velocities set by the applied E-field and known electron-atom

-26-

o°, b"=• *,



scattering cross sections. This time response is adequate for the intended

application, where electrons are generated during laser pulses of

approximately 5 ns.

The sensitivity of the fast-electron detector was measured using the

*same fast-pulse laser source. The photoionization cross section of the

target atoms (Cs and K) are known at this wavelength, allowing calculation

of the number of generated electrons in the detection cell. By carefully

measuring the input intensity and comparing this to the time integral of the

detector output current, the detector quantum efficiency could be measured.

By attenuating the input light flux until the output signal was of the same

mangitude as the noise, the absolute sensitivity of the detector was

measured. The observed sensitivity (at an optimum bias voltage of 200 V)

was approximately 3 x 10s electrons; the measured quantum efficiency was

approximately 1 0%.

After comparing this observed sensitivity to the previously measured

anti-Stokes source intensity it was concluded that, even with averaging, the

detector did not have enough sensitivity to do new spectroscopy. In order

to be spectroscopically interesting, an improvement in sensitivity of 10 - 30

would be required.

-27-
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Quasi-metastable quartet levels in alkalilike atoms and ions

S. E. Harris, D. J• Walker, R. G. Caro, and A. ]• Mendelsohn
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We describe the properties of a subclass of quartet levels of alkalilike atoms and ions that often retain metastability
against autotonization and may have large radiative yields. Gain cross sections for XUV lasers with wavelengths
hetween 20 and 100 nm are given.

It is well known that, in many cases, the quartet level from small components of autoionizing doublet levels,
of highest J of a given configuration of an alkalilike which are acquired in second order through the diago-
atom or ion is metastable against both autoionization nalization. The code expansion of the quasi-metastable
and against radietion in the extreme ultraviolet (XUV). 2p 53s3p 4S,1/2 level of Na is
This occurs sinc., irrespective of the extent to which LS S312 =0.98 'S12- 0.15 4P:/ 2 + 0.07(1P)2p:1 2
coupling holds, there is no doublet level in the config- P ~432, 2  .0(T 2 

3 2
uration to which the quartet level may couple.' + O'04(3P)2P3/- - O'O01('P)2D3/2

In this Letter we note the existence of a subclass of - 0.001( 3P)"D3/r. (1)
quartet levels that, even in heavier elements, often re- The (0.001)2 components of 2D3/2 result in the micro-
tain relative metastability against autoionization and second-time-scale autoionizlng rate. The much larger

*are radiatively allowed. In elements such as Cs and B a (0.071)2 component of (iP)2P3 1 2 causes no autoioinization
these levels are candidates for the upper level of XUV and leads to a radiative rate of 7.7 x 106 on the transi-
lasers. In lighter alkalilike atoms and ions they provide tion 2p3s3p 4S 2 -- 2p 63p oP 7. at 41.5 nrm. .•.-

storage levels for store and transfer lasers, which reauire The quasi-metastable 4D11 2 level lies higher in the
configuration and couples more closely to nearby dou-

earlier proposed Li system.2  blet levels. In second order it acquires a (-0.014)2
The distinguishing property of these quasi-meta- component of (IP)2Sn order i aures a it0 a-14)2

compnentof (P)2 1 /2, which in turn leads to its au-
stable levels is that the selection rules on the spin-orbit toionizing rate of 2 x 109 sec-'.
matrix elements allow nonzero matrix elements only to Table 2 tabulates the quasi-metastable quartet levels
doublet basis levels, which are themselves prohibited of all s,pd configurations of the alkalilike atoms and
trom autoionizing. In second order, through the di- ions• The requirement for quasi-metastability is

agonalization. these levels do develop components of summarimed by qaitasablir is

autoionizing doublet levels and therefore do autoionize. sum me b b e - /pty ada rmentum must be both even or both odd. :-ii
"*' but often sufficiently slowly that the branching ratio for Table 3 tabulates the calculated single configura-
*- XUV radiation remains large. tional autoionizing rate and dominant XUV radiation

To illustrate this idea, consider the 2p53s3p config- rate for the lowest-energy quasi-metastable level for the
uration of Na. First, the pure doublet levels that may elements of columns [and H. In general. the selection
not autoionize are 2p63s3p 2pI/2.3/.; their doing so would

not allow simultaneous conservation of parity and an-
gular momentum. One then tabulates the possible Table 1. Single Configurational Autoionizing Rates
quartet and doublet levels of this configuration: 4S,1/ 2, of Quartet Levels in the Sodium 2 p3s3p
SP ,2.;I/2.5 12, 

4Di:I2.;I5 127,,2, 2S1 2 , 2P /2.3/2, 
2Dv 2 .5 /2 . The Configuration . -

pertinent selection rule on the spin-orbit element is U Autoionizing
= 0. * 1. Therefore. of the possible quartet levels, those Levela Rate (sec- ')
that couple only to the nonautoionizing 2P,, 2.3 /2 levels "4are4S:/oand 4D , 2. We term these levels quasi-meta- pv. 6.06 x 105

stable. 4P;in 4.5 X 1010
Table . lists the quartet levels of the 2 ps 3s3p con- 4P .2  2.67 x 1010

figuration and their autoionizing rates as predicted by "4DI/. 0.181 x 101 0'
the atomic-physics code RCN/RCG) with only this 1.25 X 10-
configuration included. Single and double stars in the 4D,., 0.99 X 10l1 -

left-hand column denote predicted quasi-metastability **.D7,, 0
and metastability, respectively. The nonzero au- Single and double tars indicate predicted quasi-metastabilitv
toionizing rates of the quasi-metastable levels result and metastahilitv. respectively. "

0146-9592/84/050168-03$2.00/0 4" 1984. Optical Society of America
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rule on quasi-metastability holds better and is less af- 0,.,,,,,,,
fected by the inclusion of other configurations for col- 138798 C. ,

umn I than for column II elements. As expected, it also
tends to hold better in lighter elements and for low.lying
levels.

We have made multiconfigurational code runs on
several elements. In sodium, the inclusion of the
2p"3s3p, 2p53b4p, 2p-53p4s, and 2p-53p3d configura-4p/tions changes the single configurational (Table 1) 107219 5p 5 5d6S 4 P5/2
2p3.-3p 4S /2 autoionizing rate to 4.1 X 10 sec - t and
the 2p 53s3p 4D1 /2 rate to 1.1 X 109 sec - 1. In Ca + the
inclusion of the 3p3 3d4s, 3p 54d4b, 3p 55d4s, and 3ps3d2

configurations changes the 3p-53d4s 4Ps5j. autoionizing
rate (Table 3) to 1.03 X 106 sec - '. Ba + does particularly
poorly. The 5p'5d6s and 5p 55d 2 configurations are 1075 nm
strongly mixed, and the autoionizing rate of the 4P5/2
level can be made to vary between 1012 and I07, de-
pending on the choice of the relative average energy of
the two configurations.4 On the other hand, Cs is rel-
atively insensitive to the relative energy position and
has a multiconfigurational autoionizing rate of 7.46 x 31307 ' CS 5p6 SO
1.0, sec"t.

Radiation in the XUV has been observed and at- 72

tributed to the 'S:, 2 and 'Ps 2 levels in several column 072,12
I and column 11 metals by Aleksakhin et al. 5 and by 0 _______/_,-

0 -50 6 6S 2S1/2
Table 2. Quasi-metastable Quartet Levels of Fig. 1. Energy-level diagram for 107.5-nm Cs laser.

Alkajilike Configurations

Metastable Zhmenyah et al.6 Also. a single configurational analysis
Configuration Quasi-metastable Levels Levels by McGuire- predicts slow autoionizing rates for the

P5sp 4S',2, 'D/ 2  4D-/12  4S:1/2 levels of Na and Mg+.
p.sd , 'R F.1/2  4F9 /2  Table 4 gives the transition wavelength, Doppler
p 5pd 'S 2 , 'D/,, 'D/ 2, 'GS/, 2  G G 12  width, and gain cross section a for XUV laser transitions
P P" P5/ that originate from the lowest quasi-metastable level
p'-_ _ _P__ /.,,__F_.,/___ _ , _ _of each element. The Doppler width is calculated at a

Table 3. Single Configurational Autoionizing and Radiative Rates for Quasi-metaaable Column I and Column 11

Elements

Element Upper Level Autoionizing Rate Radiative Rate X (nm) Lower Level

Na 2p33s3p 'S./2  6.1 X loe 7.7 X 100 41.5 3p 2P•.
K 3p53d4s 'P-.. 4.6 X 102 3.0 X 100 71.1 3d 2D3/2Rb 4p'55s5p 'S.,.2  8.6 X 107 2.6 x I0, 82.1 5p P, 12

Cs 5p-5d6a 'Ps/ 2  5.1 x 10" 4.1 X 10 7  107.5 3d ID5/2
Mg 2p533p 4SiI2 9.3 X 104 1.9 x 10" 25.6 3p 2P3 2
Ca+ 3p33d4s -'Pjr 9.3 X lob 4.1 X 100 52.9 3d 2D5,2
Sr" 4p34d5s P,,., 1.4 X 100 5.3 X 10 62.0 4d -D.
Ba*4  5o"5d6s 4P;, 2.7 x 109 8.8 X 10 7"7.1 5d -D /.z

Table 4. Gain Cross Sections of Transitions from Quasi-metastable Levels

Doppler
Element Transition .\ (nm) Width tcm-') u (cm-')

Na 2p'53s3p 4S:/2 - 2p'3p 'Pi., 41.5 1.04 1.6 x 10- 1'
K 3p'53d4s 4P / - 3p"3d "P,52  71.1 0.43 4.4 X 10-1s
Rb 4p'1SsSp " 'S.. - 4p$5p 2P,/ 82.1 0.24 9.1 X 10-1•
Cs 5p-i5d6s 'P512 - 5p65d - 107.5 0.15 3.9 X 10-"

Mg4  2p':Ji3p 4S:/ 2 - 2p 3p -P ,, 25.6 1.78 8.71 X 10-1"
Ca '  :lp';3d4s 'P ,2 - 3pi3d O'Dv. 52.9 0.83 1.72 x 10- 1'
Sr* 4p-"4d&v 'P; - 4p64d -Ds,, 62.0 0.45 5.6 x 10-'1
Ba 5p'5d6s 'P,, - 5ph5d -, 77.1 0.27 2.4 X 10- '
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temperature corresponding to a vapor pressure of 10 2. S. E. Harris. "Proposal for a 207-A laser in lithium," Opt.
Torr. Lett. 5, 1 (1980): and J. E. Rothenberg and S. E. Harris,

Figure I is an energy-level diagram for a 107.5-nm Cs "XUV lasers by quartet to doublet energy transfer in alkali
laser. The 4P,. level will be populated by electron atoms," IEEE J. Quantum Electron. QE-17, 418 (1981).
collisions at a peak excitation cross section that Alek- 3. R. D. Cowan, The Theory of Atomic Structure and Spectra
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EMISSION AT 1091 IN NEUTRAL CORE-EXCITED Cs

D. E. Holmgren, D. J. Walker, and S. E. Harris
Edward L. Ginzton Laboratory

Stanford University, Stanford, California 94305 -'

ABSTRACT

Certain quartet levels in alkali-like systems retain metastability
against autoionization while acquiring large radiative yields. This
quasi-metastability occurs through selective coupling to non-autoion-
izing doublet levels by the spin-orbit interaction. An example of such
a level is the 5ps5 d6s Ps/2 level of neutral Cs, which has a calculated
branching ratio for radiation at 1091 X of 43%. Experimentally, we find
that this line has an emission intensity equal to 1/6 of that of the
strongest ion line of Cs+, and is a promising candidate for an extreme
ultraviolet laser.

INTRODUCTION

It has recently been noted' that a sub-class of quartet levels of
alkali atoms and ions retain metastability against autoionization and
may have large radiative yields. This quasi-metastability occurs
through selective coupling to non-autoionizing doublet levels by the
spin-orbit interaction. An example of such a level is the 5pS5 d6s 4 P5/
level of neutral Cs (Fig. 1). The atomic physics code2 RCN/RCG predicts

branching ratio for radiation on the 5pS5d6s 4PS/2 5p65d 2Ds/z
transition at 1091 of about 43%.

106253 - - 5p--" P512

31307 cs 50 so-

14597 5065 20.3/2

0 5p 66 2S,,2

Fig. 1. Energy level diagram of Cs laser.
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Experimentally, using a pulsed hollow-cathode dischar e we find
the ratio of emission on this line to the emission at 927 1 which
results from the Cs+ transition 5p56s (11]' - 5p' 'So to be about
16%. Since the cross section for electron excitation of this latter
transition is known, we may infer both a strong excitation and a
good branching ratio for 1091 X emission. Since the lower level of
this transition, 5pS5d 2D5/2, may be emptied by an incidezt laser beam
(for example, at 5320 2), it seems likely that inversion and reasonably
high gain should be obtainable at 1091 X.

QUASI-METASTABILITY

In an alkali-like atom or ion in which L and S are good quantum
numbers (pure Russell-Saunders coupled sigenfunctions), several classes
of core-excited levels are metastable against autoionization. Among the
levels in the. doublet manifold, the simultaneous conservation of parity
and orbital angular momentum L forbids Coulombic autoionization of
pure doublet levels having odd parity and even L , or vice versa, even
parity and odd L . Another class of metastable levels consists of all
pure quartets which lie below the quartet continuum (below the first
triplet level in the next stage of ionization). These levels are meta-
stable against autoionization by the requirement of conservation of
spin.

The effect of breakdown of L-S coupling due to the spin-orbit
interaction is to cause mixing of doublet and quartet levels. From the
properties of angular momenta, the spin-orbit interaction term L'S
connects pure L-S basis states satisfying AL - 0 , I ; AS - 0
I 1 ; and AJ - 0 . This mixing to adjacent L levels has the fol-

lowing effect: doublets that were forbidden to autoionize because of
parity and angular momentum considerations are mixed with levels which
do autoionize rapidly. Consequently, all doublets tend to autoionize.
Similarly, quartets are mixed with doublet levels and thereby acquire
both autoionizing and radiative character. Tables I and II give the
results of single-configuration calculations, using the atomic physics
code RCN/RCG for levels of the 5pS5 d6s configuration in neutral Cs.
These calculations indicate, even for levels that in a pure L-S scheme
would not undergo Coulombic autoionization, that in general the predomi-
nant decay mechanism is autoionization.

Table I Autoionizing and radiative rates for odd parity-even angular
momentum doublet levels of the Cs 5ps5 d6s configuration

Upper Level Autoionizing Rates (sec - ) Radiative Rate (sec - )

* .1 2 15xi 12  26xi8
(D) D3 2  1.5 10 2.6 10

1D) 2D 2.5 x 1011 4.3 x 108

(D) 2D3/2  6.8 x 1010 8.4 x 108

322
(3D) D 3.7 x 1012 2.5 x 108
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Table II Autoionizing and radiative rates for quartet levels
of the Cs 5pS5 d6s configuration

Upper Level Autoionizing Rate (sec - ) Radiative Rate (sec - )

4 1P1 2  1.1 x 1011 1.8 x 10

4D1/2 1.5 X 1013 8.3 x 10 8

F 3.7 x 1012 2.2 x 108

4P 5.1 x 107 4.3 x 107

There exist, however, certain quartet levels in alkali-like sys-
tems which in first order couple only to those pure doublet levels
which are themselves prohibited from autoionizing; it is these levels
that have been termed as quasi-metastable. In second order, they do
acquire components of autoionizing doublet levels, and therefore do
autoionize; but often sufficiently slowly that the branching ratio
for XUV radiation remains large. As an example consider the quasi-
metastable 5pS5d6s Ps/2 level of Cs. In a pure L-S basis, the only
doublet levels to which the 4Ps/2 level has non-zero matrix elements
are the singlet and triplet core 2D5/2 levels. The coupling to these
levels allows 4Ps/2 to radiate in the XUV, but causes no autoioniza-
tion. The calculated (RCN/RGN) expansion of the 5p55d6s 4pP/2 level
of Cs is

4 4 4 4P - -0.90 P +0.35 D -0051 F5/2 5/2 +5/2 0* 5/2

-0.24 (1D) 2D5/2 -0.14 (3D) 2D 5/2

1 2 3 2- 0.0043 (IF) F5 / 2 + 0.0016 ( F) F5 / 2

The much smaller (0.0043)2 and (0.0016)2 components of the autoionizing
2F5/2 levels which appear in second order through the diagonalization,
result in the relatively slow 4PS/ 2 autoionizing rate. As listed in
Table II, the level Cs 5p5 5d6s Ps/2 autoionizes at a calculated rate
of 5.1 x 10 s- and radiates on the 5ps5d6s 4Ps/2 _ 5p6 5d 2DS/ 2 transi-
tion at a rate of 4.3 x 107 s-1 at a calculated wavelength of 1075 .

XUV EMISSION SPECTRUM

Using a pulsed hollow cathode discharge and a McPherson monochro-
mator we have observed the XUV emission spectrum of Cs. As described
elsewhere,3'' the hollow cathode operated at a voltage of 3 kV, a cur-
rent of about 300 amps, and a Cs pressure of about 2 torr. The observed
emission spectra are shown in Figs. 2 and 3. The strongest features are
those of Xe-like Cs+ at 901.2 and 926.7 X. The emission at 1091 X had
an intensity typically equal to about 1/6 of the 927 X line and is
identified as the 5p5 5d6s 4Ps/ 2 - 5p65d Ds/2 transition. This
identification is based upon the observed fine-structure splitting
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Fig. 2. Emission scan of Cs from pulsed hollow-cathode discharge.

505 5dG 4S1

S5065d 205/,3/2

97.6 CM

99.41 2.0 c'

* Fig. 3. High resolution scan of Cs near 1091
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of 99 cm-1 , corresponding to the splitting of the lower 5p65d 2Ds/z and
2D3/2 levels (Fig. 3); and upon the observed 1/12 intensity ratio of
the two components, compared to a ratio of 1/14.3 predicted by the
RCN/RGN code.2 The emission reported here at"1091 may or may not
be the same as that reported by Aleksakhin, et al.5 as occurring at1085 . "

Cs 1091 X LASER

Based on the calculated radiative rate, and a Doppler linewidth of
0.15 cm -1 , the gain cross section of the 1091 laser is 3.9 x 10-' cm2 .
We estimate that our upper level polation is somewhere in the range of
1011 atoms/cm 3 to 5 x 1012 atoms/cm , and therefore the gain for our
30 cm long hollow cathode is between 10% and •s . Experiments are now
underway to determine this number.

A first estimate of the lower level 5p65d 2Ds/2 population is 1013
atoms/cm3 . We calculate that a 5320 X laser with a 5 ns long pulse and
a power density of 108 W/cm2 will photoionize atoms in this level and
reduce the population by a factor of 5000.

TRANSITIONS FROM QUASI-METASTABLE LEVELS IN OTHER ELEMENTS

Using the code RCN/RGN, we have taken a first look at transitions
in other alkali atom and alkali-like ions which originate from quasi-
metastable levels.1

Table III gives the transition wavelength, Doppler width, and gain
cross section a for XUV laser transitions which originate from the
lowest quasi-metastable level of each element. The Doppler width is
calculated at a temperature corresponding to a vapor pressure of 10 torr.

Table III Gain cross sections of transitions from
quasi-metastable levels

Transition (2) Doppler Width (ca" ) 6(c )"

Na 2p53s3p 4S3/2 "2p63p 2PS/2 415 1.04 1.6 x 10 "1U

5 4 6 2 1K 3p3d43 4P5/2  3p 3d 2P/2 711 0.43 4.4 x 10

Rb 4p 5 *5p 4S3 12 * 4p65p 2P3/2 821 0.24 9.1 X 101S

Ca 5p55d6s 4P5/2 * 5p65d 2D5/2  1075 0.15 3.9 x 10-

+g 2p 4a 62 1
M8 2p 3s3p $3/2 - 2p 3p P3/2 256 1.78 8.71 x 0170

Ca+ 3p53d4s 4512 * 3p6 3d 25/2 529 0.83 1.72 x 10"

5/ 5 /2 11

Sr+ 4pW4de 4P5/2 4p4d 25/2 620 0.45 5.6 x 10"

Ia 5 Sd6 p5/2 ' Sp65d 205/2 771 0.27 2.4 x 10
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